Objectives: To examine the association between maternal prepregnancy weight and child neurodevelopment, and the effect of gestational weight gain. Methods: Using the U.S. Collaborative Perinatal Project data, 1959-76, a total of 30 212 women with a calculable prepregnancy body mass index (BMI) and gestational weight gain, and term singleton children followed up for more than 7 years were included in this study. Intelligence quotient (IQ) was measured at 7 years of age by Wechsler Intelligence Scales. Results: Maternal prepregnancy BMI displayed inverted U-shaped associations with child IQ after adjustment for maternal age, maternal education levels, maternal race, marital status, socioeconomic status, smoking during pregnancy, parity and study center. Women with BMI at around 20 kg/m 2 appeared to have the highest offspring IQ scores. After controlling for familial factors in the siblings' sample, maternal obesity (BMI !30.0 kg/m 2 ) was associated with lower Full-scale IQ (adjusted ß ¼ À2.0, 95% confidence interval À3.5 to À0.5), and Verbal scale IQ (adjusted ß ¼ À2.5, 95% confidence interval À4.0 to À1.0), using BMI of 18.5-24.9 kg/m 2 as the reference category. Compared with children born to normal-weight women who gained 21-25 lb. during pregnancy, those born to obese women who gained more than 40 lb. had 6.5 points deficit in IQ after adjustment for potential confounders. Conclusions: Maternal prepregnancy obesity was associated with lower child IQ, and excessive weight gain accelerated the association. With obesity rising steadily, these results appear to raise serious public health concerns.
Introduction
The global epidemic of overweight and obesity is rapidly becoming a major public health problem in many diverse parts of the world, with recent statistics revealing that 38 of 136 countries have more than 50% of their female population classified as being above the recommended body mass index (BMI) (>25 kg/m 2 ). 1 With the rise of this pandemic, there has been an increasing interest in how maternal prepregnancy body mass affects the long-term development and health of the offspring. Emerging evidence suggests a positive association between maternal prepregnancy obesity and child cognitive, behavioural and emotional problems. 2 A recent study showed that children of obese mothers had an increased risk of attention deficit hyperactivity disorder symptoms. 3 Three studies suggested that prepregnancy obesity might be associated with poor cognitive function in children. [4] [5] [6] The risk of mental development delay increased in children of obese mothers, with the adjusted relative risk of 1.38 (95% confidence interval 1.03 to 1.84). 6 However, two studies using data from four prospective cohorts failed to confirm these findings. 7, 8 In these studies, family confounders such as maternal intelligence, home environment, family diet and exercise and some genetic factors were generally overlooked. The applied linear regression models assuming a linear relationship between maternal BMI and neurodevelopment may have led to the inconsistent results. Maternal energy supply and nutrition status during pregnancy are critical to fetal brain development. 9 Previous studies reflected that extremes of maternal gestational weight gain (GWG) have a significant adverse impact on the fetal health. 10 It is possible that GWG could moderate the possible negative impact of extreme prepregnancy BMI. To the best of our knowledge, no study has investigated maternal weight in relation to neurodevelopment in offspring using prospective data considering the combination of prepregnancy BMI and GWG. To further investigate how maternal weight may affect child neurodevelopment, we examined the association of maternal prepregnancy BMI combined with GWG and offspring IQ at age 7 years in the Collaborative Perinatal Project, by both the conventional approach and an alternative approach using sibling comparison analysis to control for familial factors.
Methods

Study population
The Collaborative Perinatal Project (CPP) was a prospective cohort study that recruited 46 021 women with 59 391 pregnancies who received prenatal care at 12 centres in the USA from 1959 to 1965. The average gestational age at entry was 21.3 6 8.4 (mean 6 SD) weeks. During the 7-year study period, 18% of the participants had more than one birth in the CPP. At entry, detailed demographic, socioeconomic and behavioural information was collected by in-person interview. At the ensuing prenatal visits, women were repeatedly interviewed and physical findings were recorded. Children were followed with detailed assessments of child neurological, neurosensory and cognitive development, as well as general health and physical growth at 8 months and at 1, 3, 4 and 7 or 8 years of age. Detailed description of the study has been provided elsewhere. 11 Among the 53 647 live singletons, 74.7%
(n ¼ 40 063) were followed up to 7 years old, and 34 766 term-born children were included in our study ( Figure 1 ). Children who had no or inadequate intelligence test results (n ¼ 1185) were further excluded. Mothers with unknown prepregnancy weight and/or height were excluded (n ¼ 3080) and so were those with unknown weight gain (n ¼ 289). Finally, 30 212 children remained for analysis and all of them had the information on IQ at age 7 years; among these, 8059 subjects had enrolled with siblings and 22 513 had none. Ethical approval: IRB approval process is not required for research carried out 50 years ago.
Key Messages
• Obesity is a serious public health problem in many parts of the world.
• Findings in previous studies on the association of the maternal prepregnancy BMI and childhood neurodevelopment remain inconsistent. Family confounders such as maternal intelligence, home environment, family diet and exercise and certain genetic factors were generally overlooked in some studies.
• Using data from the U.S. Collaborative Perinatal Project, maternal prepregnancy BMI displayed inverted U-shaped association with child IQ after adjustment for potential confounders.
• Compared with children born to normal-weight women who gained 21-25 lb during pregnancy, those born to obese women who gained more than 40 lb had average 6.5 points deficit in IQ after adjustment for potential confounders.
Maternal anthropometric measurement
At the enrolment, women's prepregnancy weight was asked and physical examination was performed including measurement of height in inches without shoes. At subsequent pregnant visits, staff weighed women in street clothes without shoes or coat. Prepregnancy BMI was calculated using measured height and reported prepregnancy weight. We categorized the BMI (kg/m 2 ) into four groups according to the World Health Organization classification: underweight (<18.5), normal weight (18.5-24.9), overweight (25.0-29.9 ) and obese (!30.0). 12 
Confounders
Perinatal factors that may affect the relationship between maternal prepregnancy weight and child IQ according to previous literature were chosen as potential confounders. 8 They included: maternal age at delivery (<20, 20-29, 30-39 and !40 years); marital status at pregnancy (no/yes); maternal race (White, Black and Other); education levels ( 9, 10-12 and >12 years of school); number of previous deliveries (0, 1 and !2); smoking during pregnancy (no/yes); and diabetes (no/yes). Socioeconomic status index was a combined score of maternal education, occupation and family income, and was further classified into five categories. 15 Blood pressure was recorded at entry, at each prepregnancy visit, during labour and delivery, andpostpartum. The classification of hypertensive disorders was based on the scheme published previously. 16 Briefly, chronic hypertension was defined as hypertension before 24 weeks' gestation or after 2 weeks postpartum.
Mild hypertensive disorder was combined with mild gestational hypertension (mild hypertension on two occasions alone) and mild preeclampsia (mild hypertension and mild gestational proteinuria). Severe hypertensive disorders included severe gestational hypertension, severe preeclampsia and eclampsia. Child characteristics included: sex (male/female); Apgar score at 5 min (0-6 and 7-10); birthweight (<2500, 2500-2999, 3000-3499, 3500-3999 and !4000g). Gestational age was based on the last menstrual period (LMP), and was classified into 37-41, 42-44 and >44 gestational weeks.
Statistical analysis
We first examined maternal and child baseline characteristics by maternal prepregnancy BMI categories. Smoothing spline was applied to plot the relation of maternal prepregnancy BMI and neurodevelopment at age 7 years. 17 Twopiece-wise linear regression model was fitted to examine the nonlinear relationships between the effect of maternal prepregnancy BMI on Full-scale IQ, Verbal IQ and Performance IQ with the package 'segmented' in R software (http://www.R-project.org). This package supported automatic detection and estimation of segmented regression models, and chose the best inflection point that gave the maximum model likelihood. A major challenge to studying the association between maternal prepregnancy BMI and child IQ is the influence of the interaction of familial genetics and the postnatal environment. In this study, we built three sets of multiple regression models to confirm the association. 18 The first set ('siblings GEE model 1', n ¼ 8059) used generalized estimating equations (GEEs) model with exchangeable correlation structure to examine the association between maternal prepregnancy BMI and child IQ. Only children with one or more enrolled siblings were included. This model considers each child individually but adjusts the standard errors for clustering from potentially multiple children per family. 19 The second set ('siblings GEE model 2', n ¼ 6656) was a siblings model that excluded subjects with pregnancy-induced hypertension, chronic hypertension and diabetes. The third set of models ('siblings FE model', n ¼ 8059) used a fixedeffect (FE) model restricted to siblings. This model controlled for all the measured and unmeasured variables held in common within siblings by comparing the outcomes among siblings with varying exposure values. 20 In all of the analyses, weight gain was categorized into 10 groups ( Because associations might differ between children who had an enrolled sibling and children without siblings, we built a fourth set of models ('individual GEE model', n ¼ 30 212) to examine the associations in all subjects. This model is representative of a conventional analytical approach that would be applied in most cohort studies lacking siblings. By this model, we examined the association of a categorical measure of GWG on Full-scale IQ at 7 years old stratified by maternal prepregnancy BMI. For all models, we adjusted variables including maternal age, maternal education levels, maternal race, marital status, socioeconomic status, parity, smoking during pregnancy and hospital. We used PROC GLM, and PROC GLIMMIX with SAS 9.2 software (SAS Institute, Cary, NC, USA).
Results
The sample selection process was illustrated in Figure 1 . All maternal and child characteristics, with the exception of child gender, varied by maternal prepregnancy BMI status (P < 0.001) ( Table 1 ). The proportions of Black race, lower education levels, lower socioeconomic status and advanced maternal age were higher among the obese mothers. More than half of the underweight mothers gained inadequate weight, over 30% of overweight mothers and over 40% of obese mothers gained excessive weight during pregnancy. There were more children with intellectual disability and borderline deficiency in groups of overweight and obese women. The mean BMI for each category was quite similar in children with enrolled siblings and those without (Appendix Table 1 , available as Supplementary data at IJE online). Spline smoothing function showed similar non-linear inverted U-shaped relationships between maternal prepregnancy BMI and Full-scale IQ scale, Verbal IQ and Performance IQ at age 7 years (Figure 2) . Prepregnancy BMI at about 20 kg/m 2 was suggested as an inflection point for each IQ scale after adjustment of potential confounders (Appendix Tables 2, 3 , available as Supplementary data at IJE online).
In the siblings GEE model, maternal obesity was associated with Full-scale IQ and Verbal IQ but not with Performance IQ, with the normal weight women as the reference ( Table 2 ). The adjusted ß changed very slightly when maternal diabetes, chronic hypertension and pregnancy-induced hypertension were excluded, suggesting that the downstream pathways of pregnant complications could not explain the association. After controlling for familial factors in the siblings sample, about 2.0 points (95% confidence interval À3.5 to À0.5) deficit of Fullscale IQ, and 2.5 points deficit of Verbal IQ (95% confidence interval À4.0 to À1.0), were associated with maternal obesity (BMI !30.0 kg/m 2 ) in the siblings FE model.
The correlation of maternal prepregnancy BMI with offspring's IQ was modified by GWG. Suboptimal weight gain, inadequate or excessive, was associated with an increased risk of low IQ score of the offspring at age 7 years in the women with normal weight. In the obese women, inadequate GWG was not associated with a decrease in IQ. Compared with children born to normalweight women who gained 21-25 lb during pregnancy, those born to obese women who gained more than 40 lb had a 6.5-point deficit in IQ after adjustment for potential confounders (P < 0.01) (Figure 3 ).
Discussion
Rates of obesity have increased greatly worldwide. 21 Findings from this large prospective cohort showed that maternal prepregnancy BMI had a nonlinear association with children's mental development. Women with a prepregnancy BMI at around 20 kg/m 2 appeared to have had the highest child IQ score. GWG was an effect modifier in the association of prepregnancy BMI and child IQ. Maternal prepregnancy obesity was associated with lower child IQ, and excessive GWG accelerated the association. Research concerning the relationship between maternal prepregnancy BMI and children's neurodevelopment has just started to emerge. 2 In a previous small cohort study, maternal prepregnancy obesity was found to be associated with lower general cognitive ability, but not gross motor development. 4 A study from Northern Finland with two comparable cohorts showed that maternal obesity increased the risk of both mild and severe cognitive delay among children aged 11 years born in 1985-86. However, this association was not seen in children of the same age born in1966. 8 A recent US study also concluded a similar U-shaped relationship observed in our study in children at 2 years of age, but without standardized development evaluation method. 6 Two cohorts of European children at approximately 3 years of age failed to show an association between maternal overweight or obesity and child cognitive development. 15 More recently, a large retrospective study found that the risk of intellectual disability was greater in children of women with prepregnancy obesity [adjusted odds ratio (OR) ¼ 1.52, 95% confidence interval 1.30 to À1.77].
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The above inconsistent results may be explained by several factors. First, linear regression models applied in most of these studies may obscure the actual nonlinear relationship between prepregnancy body mass and child cognitive development. Second, measures of child neurodevelopment or maternal prepregnancy BMI in some of the studies may be less than optimal. 9, 10 Furthermore, small sample size may limit statistical power in some studies. 4 A major challenge to prepregnancy BMI studies focusing on pediatric outcomes is how to deal with the role of confounders that influence the postnatal environment and could account for an observed association between prepregnancy BMI and the outcome. For example, maternal intelligence, family environment, family diet and exercise, and certain genetic factors can influence both neurodevelopment postnatally and prepregnancy BMI. In studies concerned with an in utero exposure and a postnatal outcome significantly influenced by postnatal environment, a sibship approach can provide some clarification about the roles of the exposure vs environment. 18 These models are able to control for all observed or unobserved factors that are shared by siblings sets, thus they account for all genetic and environmental factors they hold in common. In our study, 
All models adjusted for maternal age, maternal education, maternal race, marital status, socioeconomic status, parity, smoking during pregnancy and hospital. Siblings born in a family were considered as repeated subjects. Women with normal BMI with weight gain 21-25 lb weight were considered as the reference group. Beta coefficients reflect the change in the number of points scored on a given assessment corresponding to weight gain above or below the recommended range compared with weight gain within the recommended range. even by the siblings FE model, maternal obesity was still associated with lower child IQ (P < 0.01), though the ß coefficient was smaller and the 95% confidence interval was wider than those based on the GEE model. Although the FE model does not eliminate possible residual confounding from factors siblings do not hold in common, the important unmeasured confounders are similar in most of the siblings at that age, and the residual confounding is likely to be minimal in this case.
Watkins et al. confirmed the previously established association between spina bifida and prepregnancy obesity and found an association between maternal obesity and omphalocele, heart defects and multiple other anomalies. 22 Obese women might have nutritional deficits resulting from dietary behaviours or poor-quality diets. Imbalanced prenatal micronutrient status increased the risk of delayed neurodevelopment. [23] [24] [25] Animal studies also show that maternal diet-induced prepregnancy obesity alters offspring brain development. 26 Other factors (e.g., stress and inflammation) may also play a role. 27,28 Bilbo and Tsang 29 showed that in rats systemic inflammatory condition in maternal obesity during pregnancy affected fetal brain development and caused cognitive dysfunction in offspring. In addition, certain obesity-related environmental chemicals such as bisphenol may have effects on the developing fetal brain via interactions with the androgen receptor. 30, 31 Unfortunately, few studies are available to explore the underlying biological mechanisms. Further investigations are critically needed.
Strengths and limitations:
As the largest prospective birth cohort study in the USA, the CPP was carefully conducted with a high long-term follow-up rate (79% by age 7 years). 32 In this study, child neurodevelopment assessment was highly standardized and followed a strict protocol with extensive quality control procedures, carried out by psychologists in more than 30 000 children at 7 years of age. These strengths made the CPP particularly suitable for studying the association between maternal prepregnancy BMI and offspring's IQ. By using the FE model, we were able to account for familial factors and reduced bias in our estimates. The large sample size provided ample power to examine the effects of potential confounders, such as gestational diabetes and hypertensive disorders. Meanwhile, our study also has several limitations. First, maternal prepregnancy weight was self-reported, which may be subject to error. Women with low BMI may overreport while heavier women tend to underreport their weight. As a result, there may be some misclassified obesity. 33 Additionally, women reported their prepregnancy BMI about 3-5 months after conception, which may introduce the recall bias. However, in a previous study on maternal obesity using Project Vivo data, the authors performed a validation study where self-reported prepregnancy weight with clinically measured weights were compared in 170 study participants. 34 The association between self-reported and clinically measured weight within 3 months prior to last menstrual period was high with the overall correlation coefficient of 0.99. Furthermore, no differences in mean underreporting of weight (approximately 1 kg) were found by race/ethnicity, gestational age at study enrolment or weight itself. The validation study indicated that ranking of individuals is likely preserved. Furthermore, although the pattern of report bias and recall errors can lead to differential misclassification of maternal prepregnancy BMI, we have no evidence to suspect that the reporting would be differential by the developmental outcome assessed at 7 years of age. Second, we did not have any data regarding postnatal environmental factors which are important for children's cognitive development. 35 However, many home environment and lifestyle factors that influence child development are driven by household socioeconomic status. 36 We controlled for socioeconomic status as a confounder, which may have reduced the bias. For children at this age who are living in the same household, most lifestyle characteristics are shared among siblings. The FE model in family siblings applied in this study well controlled for the potential bias of maternal intelligence, family environment, family diet and exercise and some genetic factors shared in siblings. The association of maternal prepregnancy BMI and child IQ deficit remained. Although the FE approach cannot control for unmeasured confounding factors that siblings do not have in common, the residual confounding in this case is likely to be minimal. Third, our study was based on developmental measures obtained from the WISC I, the old version of the WISC IV. However, the predictive validity of the WISC I has been studied. 37, 38 Furthermore, the IQ at age 7 years was highly correlated to the IQ at age 4 years measured by Stanford Binet assessment. Similar results were observed with regard to the effects of maternal prepregnancy BMI on offspring IQ at age 4 years (Appendix Figure 1 , available as Supplementary data at IJE online). Lastly, with the epidemic of obesity, the pattern of obesity varies with time. However, we have no evidence to suggest the underlying biology and the relationship between BMI and gestational weight gain and the outcomes would have changed substantially. Lifestyle factors such as eating behaviour and physical activity play a major role in the rise of abdominal obesity in the past few decades. 39 Since the oxidative stress and inflammation are higher in abdominal obesity, 27, 40 the data of the CPP would only attenuate the association of maternal obesity and neurodevelopment.
In conclusion, we found that maternal obesity was associated with poor cognitive development among 7-year-old children, and excessive weight gain during pregnancy increased the risk. In our study, the attributable risk for child intellectual deficiency in obese pregnant women was 33% compared with normal weight women. This suggested that reduction in obesity during pregnancy could result in about 30% decrease in risk of child intellectual deficiency in obese women. With the pandemic of obesity in childbearing women around the world, high maternal prepregnancy BMI and large weight gain may have a more significant population-attributable risk for the deficit of IQ score.
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